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Ultracold alkaline-earth atoms have now been widely explored for precision measurements and
quantum simulation. Because of its unique atomic structure, alkaline earth atoms possess great
advantages for quantum simulation and studying quantum many-body matters, such as simulating
synthetic gauge field, Kondo physics and SU(N) physics. To fully explore the potential of ultracold
alkaline-earth atoms, these systems also need to be equipped with the capability of tuning the inter-
atomic interaction to the strongly interacting regime. Recently several theoretical proposals and
experimental demonstrations have shown that both spin-independent and spin-exchanging interac-
tion can be tuned to resonance. In this perspective, we will review these progress and discuss the
new opportunities brought by these interaction control tools for future quantum simulation studies
with ultracold alkaline-earth atoms.
I. INTRODUCTION
In the past two decades, quantum simulation with
cold atom physics has greatly enriched our understanding
of macroscopic quantum matters [1–4]. The rapid pro-
gresses of cold atom physics benefit from new ideas and
the development of new technologies. Moreover, it bene-
fits from the fact that new elements of atoms are cooled
to quantum degeneracy and join the ultracold family. At
the beginning of this field, only alkaline-metal atoms are
explored in experiments. Later experimentalists are able
to cool alkaline-earth (AE) atoms [5] into quantum de-
generacy [6–11] and these atoms are now used more and
more often in many laboratories. It has now been re-
alized that ultracold AE atoms have unique advantages
for quantum simulation and for studying quantum many-
body physics. To start with, we first highlight two impor-
tant features of AE atoms due to the special electronic
structure of AE atoms.
• Two-Orbital Physics: The outmost s-orbital of
an AE atom is occupied by two electrons, thus for
the electronic ground state labeled by 1S0, both
the total electron spin and the total angular mo-
mentum are zero. For the electronically excited
state labeled by 3P0, one of the two electrons is ex-
cited to p-orbital and the total electron spin S = 1,
and because its electronic spin is different from the
ground state electronic spin, the dipolar transition
between 3P0 and
1S0 is forbidden. As a result, the
spontaneous emission is strongly suppressed. For
this reason, the single-atom lifetime of 3P0 state
can be as long as seconds [12]. When we consider a
mixture of atoms in both 1S0 and
3P0 states, we in-
troduce an orbital degree of freedom to distinguish
them, and these two states are now referred to as
∗Electronic address: hzhai@tsinghua.edu.cn
a doublet of the orbital degree of freedom.
This two-orbital physics is very useful. For preci-
sion measurement, the optical transition between
these two states is now used for building the best
optical clock [13–19], with which the current world
record for the clock accuracy of 10−19 has been
achieved [19]. Recently, the optical coupling be-
tween two orbital states has also been used for
quantum simulation of spin-orbit coupling effect
[20–22], and the advantage is that it can largely
avoid the heating problem due to the spontaneous
emission. The heating caused by spontaneous emis-
sion has been the main obstacle preventing real-
izing many interesting many-body physics when
the spin-orbit coupling is simulated in degenerate
alkali-metal atomic gases [23, 24].
• SU(N) Spin Physics: The fermionic AE atoms
also have non-zero nuclear spin I, and in partic-
ular, the nuclear spin is quite large for many iso-
topes. For 1S0 and
3P0 states, since the electron
angular momentum J = 0, the absence of hyper-
fine coupling leads to that the interactions between
atoms are independent of the nuclear spins [25–27].
Therefore, at zero magnetic field, the system pos-
sesses a SU(N) symmetry with N = 2I + 1.
These two features discussed above are unique to AE
atoms which can unlock many new opportunities for
quantum simulation. Moreover, on the technical side,
since there is a much longer history of using AE atoms
for building an optical clock, and many technologies that
have been developed there can be naturally transferred to
the quantum simulation study for performing very pre-
cise measurement of many-body physics with AE atoms,
for instance, to measure the interaction energy with very
high precision [28–33]. Because of these reasons, ultra-
cold AE atoms have now become a major platform for
quantum simulation studies.
Another important aspect of cold atom physics is the
ability to control interactions through Feshbach reso-
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2nance (FR) [34, 35] (See Box). The progress made
with alkaline-metal atoms in the previous two decades
is largely benefited from this tool of interaction control
[36, 37]. In particular, when the interaction energy can
be tuned to be comparable or even larger than the ki-
netic energy, the conventional perturbation theory fails to
capture the strong correlation between particles, where
the physics is not yet well understood, and hence the
approach of quantum simulation becomes very valuable.
Therefore, to fully explore the potential of AE atoms in
quantum simulation, it is also highly desirable to develop
tools to control interactions between AE atoms. In alkali-
metal atoms, two of the most widely used methods for
tuning the interactions are the magnetic FR [34, 35] and
the confinement-induced resonance(CIR) [38]. In this
perspective, we will focus on two related recent devel-
opments in AE atoms.
First, because the electronic spin J = 0 for both 1S0
and 3P0 states and the magnetic FR relies on the elec-
tronic spin, it does not exist in 1S0 and
3P0 states of AE
atoms. Nevertheless, we will describe an alternative pro-
posal to use the “orbital degree of freedom” to replace
the role of the electronic spin, with which the nuclear-
spin-independent interaction can be tuned by the mag-
netic field strength [39]. This proposal has been realized
by the Munich group [40] and the Florence group [41],
and now it has been used to explore strongly interacting
physics in ultracold AE atoms [42]. Secondly, the CIR
also works for AE atoms, and it turns out that we can
utilize the CIR to tune the nuclear-spin exchanging in-
teraction, which can enhance the Kondo effect [43, 44].
This effect has also been observed recently by the Munich
group [45]. In this perspective, we will first review the de-
velopments of controlling both the spin-independent and
spin-dependent-exchanging interactions of AE atoms, re-
spectively, and then we will discuss future opportunities
for quantum simulation and quantum many-body physics
brought by combining these interaction control tools with
two-orbital and SU(N) physics.
II. INTERACTION BETWEEN
ALKALINE-EARTH ATOMS
The fermionic AE atoms have both the electronic or-
bital and the nuclear spin degree of freedoms. We denote
the two-orbital states 1S0 and
3P0 as |g〉 and |e〉, respec-
tively. For simplicity, we focus on two out of N nuclear
spin states, and symbolize them by | ↑〉 and | ↓〉, re-
spectively. There are totally four states involved in the
discussion and their energy levels are shown in Fig. 1(a).
For single atom the nuclear spin degree of freedom and
the orbital degree of freedom are decoupled because of
J = 0 in both states. When two atoms are far separated,
let us consider two different single particle eigen-states,
defined by
|α〉 = 1√
2
(|g ↑; e ↓〉 − |e ↓; g ↑〉) (1)
|β〉 = 1√
2
(|g ↓; e ↑〉 − |e ↑; g ↓〉) . (2)
Here, for instance, the notation |g ↑; e ↓〉 denotes that
the first atom is in the orbital-g and nuclear spin-↑ state,
and the second atom is in the orbital-e and nuclear spin-
↓ state. The wave function is anti-symmetrized because
of the Fermi statistics. In the absence of the magnetic
field, the energies of |α〉 and |β〉 states are degenerate,
and the degeneracy is broken by the magnetic field be-
cause of a slight difference in term of the Lande´ g-factor
between different orbital states, arising from the higher
order effect [46]. In term of the relative motion between
two atoms, the non-interacting Hamiltonian when two
atoms are far separated is given by
Hˆ0 =
(
−~
2∇2
m
+ δ
)
|α〉〈α| − ~
2∇2
m
|β〉〈β|, (3)
where δ = ∆mBµBδg, and B is the magnetic field
strength, ∆m is the difference of the nuclear spin quan-
tum number along zˆ direction between | ↑〉 and | ↓〉, µB
is the Bohr’s magneton and δg is the difference in the
Lande´-g factor between two orbitals [46].
The general structure of the interaction part can be
determined based on the nuclear spin rotational symme-
try. Because of this symmetry, we should construct bases
that are also invariant under the nuclear spin rotation,
such that the interaction can be diagonal in these bases.
These bases are defined as
|±〉 = 1
2
(|ge〉 ± |eg〉)(| ↑↓〉 ∓ | ↓↑〉), (4)
where the nuclear spin part is either a singlet state or
a triplet state that are spin rotational invariant. Here,
since we only focus on the s-wave interaction where the
spatial wave function is symmetric, the internal state
wave function has to be anti-symmetric, therefore, the
orbital part has to be a triplet (singlet) if the nuclear
spin part is singlet (triplet). We define the projection
operator P± as P± = |±〉〈±|, the interaction potential
can be written as
V (r) = V+(r)P+ + V−(r)P−. (5)
The two interaction potential curves are schematically
shown in Fig. 1(b). Generally speaking, V±(r) are quite
different because the orbital part of the wave functions
are different for |±〉 channels. H0+V (r) defines the total
Hamiltonian for the two-body problem of AE atoms.
Noticing that |±〉 can be related to |α〉 and |β〉 via
|±〉 = 1√
2
(|α〉 ± |β〉), (6)
3the interaction term can be rewritten as
V (r) =
V+(r) + V−(r)
2
(|α〉〈α|+ |β〉〈β|)
+
V−(r)− V+(r)
2
(|α〉〈β|+ |β〉〈α|). (7)
Here the interaction in the first term do not change the
nuclear spin of atoms in g- and e-orbitals, and therefore it
is considered as the spin-independent interaction between
two orbitals. The second term exchanges the nuclear spin
between atoms in g- and e-orbitals, and it is considered
the spin-exchanging interaction, which is schematically
shown by arrows in Fig. 1(a). Below we will discuss how
to control these two terms in two different sections, re-
spectively.
III. CONTROL OF SPIN-INDEPENDENT
INTERACTION
In the Box, we have discussed three essential ingre-
dients that can lead to a FR. In fact, the Hamiltonian
discussed above already shows that these conditions can
also be satisfied. First, when two atoms are separated,
|α〉 and |β〉 are eigenstates of non-interacting part of the
Hamiltonian, thus, they are regarded as the open and the
closed channels, respectively. Secondly, the δ-term in Eq.
3 means that the relative energy between two channels
can be tuned by the magnetic field strength. Thirdly, the
second term in Eq. 7 means that the two channels are
coupled at the short distance by the interaction poten-
tial, or more precisely, by the difference of two interaction
potentials. This is schematically shown in Fig. 1(b).
With these three conditions satisfied, one would expect
that a FR can naturally exist between two AE atoms in
different orbitals. However, there is one important ob-
stacle. Since the two channels |α〉 and |β〉 only involve
the nuclear spin and the orbital degree of freedoms, the
energy difference between these two channels depends on
the nuclear magneton and the difference of the Lande´-g
factors between two orbitals, which are both very small
[46]. Consequently, by increasing the magnetic field one
Gauss, typically δ only increases by a few hundred Hz.
This is much smaller comparing to the energy difference
between the open and the closed channels of the alkaline-
metal atoms, which is defined by the electronic spin de-
gree of freedom and typically can increase by order of
MHz for each Gauss. Therefore, for accessible magnetic
field strength in cold atom laboratories, typically within
a thousand Gauss, the tunable range of the energy dif-
ference between two channels is within ∼ 105 Hz. That
is to say, unless there exists a shallow bound state whose
energy is within this range, otherwise the FR is not ac-
cessible.
Fortunately, nature is very kind. It happens that 173Yb
has a shallow bound state whose energy is about ∼ 4
kHz. Hence, a FR is accessible in realistic magnetic field
strength. Such a resonance is predicted first by theoreti-
cal calculation with pseudo-potential model [39] and later
has also been confirmed by the multi-channel quantum
defect theory [47]. The predicted open channel scattering
length is shown in Fig. 2(a). To emphasize the important
distinction between this resonance and the magnetic FR
in alkaline-metal atoms, it is named as “orbital Feshbach
resonance” (OFR)[39], because here the channel is de-
fined in term of the orbital degree of freedom while for
FR in alkaline-metal atoms, channels are defined in term
of the electronic spin degree of freedom.
This theoretical prediction is soon confirmed by two ex-
periments from the Munich group [40] and the Florence
group [41]. In the Munich experiment [40], they prepare
a mixture of |g ↑〉 and |e ↓〉, and measure the thermal-
ization rate. A resonant interaction will lead to an uni-
tary scattering cross section, and consequently, a very
fast thermalization [48]. Indeed, they find strong mag-
netic field dependence of the thermalization rate, with a
peak at around 40G consistent with the theoretical pre-
diction, as shown in Fig. 2(b). They also find a minimum
at around 400G, which confirms the existence of a zero-
crossing of the scattering length due to the existence of
the OFR. Moreover, they have checked that for single
component |g, ↑〉 gas, there is no magnetic field depen-
dence of the thermalization rate.
In the Florence experiment [41], they confirm the exis-
tence of OFR by observing the emergent hydrodynamic
behavior. Considering a degenerate Fermi gas confined
in an anisotropic trap, if the gas is non-interacting or
weakly interacting, the expansion dynamics is ballistic
when the trap is turned off, and the atomic cloud will
eventually become isotropic, with the aspect ratio ap-
proaching unity. However, when the gas is strongly in-
teracting, the expansion dynamics will become hydrody-
namic. The pressure is larger in the short direction so
that the expansion will be faster. Therefore, the shorter
axes before expansion will become longer axes after ex-
pansion. The inverted aspect ratio is taken as a hall-
mark of hydrodynamical behavior, which indicates the
system is a strongly interacting one [49]. Indeed, it has
been observed that the aspect ratio of the gas after suf-
ficiently long time expansion depends on the magnetic
field strength, with the largest inverted aspect ratio also
peaked at around 40G, as shown in Fig. 2(c).
These two experiments successfully confirmed OFR in
173Yb atom. An extra feature worth emphasizing here is
the nuclear spin dependence of the resonance. The nu-
clear spin of 173Yb is 5/2 and there are totally six nuclear
spin states. In the discussion above, we take any two out
of six states and label them as | ↑〉 and | ↓〉, and ∆m can
take any integer from one to five. As we have discussed
in Sec. I, the interaction potential V±(r) should be in-
dependent of the choice of nuclear spin, that is to say,
they should be the same for any combinations. Hence,
the only nuclear spin dependence comes from ∆m in the
expression of δ. Therefore, if we plot the observables in
term of scaled magnetic field strength B/∆m, the mea-
4surement with different nuclear spin combinations should
collapse into the same curve. Such a scaling behavior has
indeed be observed in both thermalization experiment by
the Munich group and aspect ratio measurement by the
Florence group [40, 41].
Finally, it is very important to note that both experi-
ments find that the lifetime of a degenerate 173Yb Fermi
gas nearby the OFR can be as long as a few hundred
milli-second, which is sufficiently long to reach many-
body equilibrium [40, 41]. A many-body system nearby
a FR is a strongly interacting one with many intriguing
properties, such as BEC-BCS crossover, universal ther-
modynamics, high transition temperature, and pseudo-
gap physics [36, 37]. Such systems have been extensively
studied using magnetic FR in alkali-metal atoms. A nat-
ural equation is, therefore, to ask what is the difference
in many-body physics between OFR and magnetic FR in
alkaline-metal atoms. The answer to this question again
lies in the fact that the channels here are defined in term
of the “orbitals” instead of the electronic spin. We will
discuss it in detail in the Sec.V.
IV. CONTROL OF SPIN-EXCHANGING
INTERACTION
The coupling between |α〉 and |β〉 channels described
by the second term in Eq. 7 gives rise to a nuclear spin
exchanging processes between two orbitals. This spin-
exchanging phenomenon has been observed by the Mu-
nich group [50] and the Florence group [51]. For this
process to be prominent, these two channels should be
degenerate in term of single-particle energy. Hence, in
this section, we will mainly focus on the zero magnetic
field case with δ = 0, and this is in contrast to Sec. III
where the magnetic field strength is always finite. Note
that the spin-exchanging interaction depends on the dif-
ference between V+(r) and V−(r), therefore, the key point
is that if at a certain circumstance, one of V±(r) gets am-
plified by resonant interaction but the other does not, the
spin-exchanging interaction will be enhanced [43].
This idea can be implemented by utilizing CIR. For
δ = 0, the non-interacting part is also diagonal in |±〉
bases, and since the interaction term is also diagonal in
|±〉 bases, |+〉 and |−〉 become two decoupled channels
and can be treated independently. Generally, the two
states 1S0 and
3P0 have difference ac polarization and
experience different potential in a laser field. However,
there exist magnetic wave lengths at which these two
states incidentally have the same ac polarization [52, 53].
One can create a deep two-dimensional optical lattice
with a magic wavelength laser, such that atoms can move
freely along a one-dimensional tube with the same trans-
verse confinement length a⊥ for both two orbitals, as
shown in Fig. 3(a). According to the discussion in the
Box, the |±〉 channel reaches CIR when a⊥ = Ca± [38],
where a± are the scattering length for V±(r) potential,
respectively. Because a± are different, only one of these
two channels can reach CIR either at a⊥ = Ca+ or at
a⊥ = Ca−, and therefore, the spin-exchanging interac-
tion will get amplified. This is the basic idea of how to
control spin-exchanging interaction with CIR [43].
In practices, when the laser wavelength is fixed at the
magic wavelength, a⊥ can only be tuned by the depth of
the two-dimensional optical lattice V⊥, and the tunable
range is limited. One of the major goals for enhancing
the spin-exchanging interaction is to realize the Kondo
effect, which is caused by localized magnetic impurities
embedded in a mobile Fermi sea [54]. Hence, we further
consider the situation that atoms in the 3P0 state are
localized by a deep lattice to a zero-dimension one and
atoms in 1S0 state experience a shallow lattice along the
one-dimensional tube and remain mobile. This situation
is realized by imposing another optical lattice along the
tube direction and this laser is not at the magic wave-
length, such that the lattice potential Vz for
3P0 state is
sufficiently deep but the lattice potential for 1S0 state is
shallow. In the theoretical model, it is a good approxi-
mation to consider atoms in 3P0 state as localized by a
harmonic trap along the tube, with the harmonic length
denoted by az and controlled by Vz. Therefore, a⊥ and
az, or equivalent to say, V⊥ and Vz, are two tuning pa-
rameters, with which the tunable range is broad enough
to reach a CIR for practical parameters [44]. This 1 + 0-
dimensional CIR problem with these two parameters has
now been studied both theoretically and experimentally.
As illustrated in Fig. 3(b), experimentally this situation
is realized by the Munich group and a resonant enhanced
spin-exchanging scattering amplitude has been observed
[45]. Theoretically, this problem can be treated with
different degrees of approximations [43, 44, 55–57], and
quantitative results can be systematically improved [56].
The most accurate results are shown in Fig. 3(c) that are
compared with the experimental results quite well.
V. OUTLOOK
Above we have discussed proposals and experiments
of how we can control both the spin-independent and
spin-exchanging interaction in ultracold AE atoms. Here
we will discuss several aspects of novel physics that can
emerge from these interaction controls.
1. The strongly interacting many-body systems
nearby the OFR display novel features. For a typ-
ical magnetic FR in the alkaline-metal atom, the energy
separation between open and closed channels is of the
order of 108 − 109 Hz, which is a few orders of magni-
tude larger than the typical Fermi energy of a degenerate
fermionic atomic gas. Therefore, such a system can be
either described by a single open channel only, or by two
coupled channels but only including the bound state in
the closed channel. The closed channel has never been
populated by scattering states, and that is the reason it
is called “closed”. However, the situation is completely
different in the OFR case. As we have explained in Sec.
5III, because the two channels are defined in term of the
orbital degree of freedom, the energy separation between
them is small, and it is comparable or even smaller than
the Fermi energy for a typical density of degenerate Fermi
gas. This forces us to take into account the scattering
state in the closed channel, that is to say, the so-called
closed channel is not really “closed”. The multi-orbital
nature brings the physics into a new parameter regime
that has not been explored before [39, 58–73]. Here we
simply give couple examples. First of all, the strong in-
fluence of the closed channel leads to a strong momen-
tum dependence of the scattering amplitude, which can
lead to an even higher transition temperature for forming
Fermi superfluid, comparing to the single-channel wide
resonance in alkaline-metal atom [58]. In the superfluid
phase, since both two channels are occupied by the scat-
tering states, it requires two order pairing order param-
eters to describes such a Fermi superfluid, which adds
a new twist to the BEC-BCS crossover physics [39, 58–
65]. This is reminiscent of multi-band superconductor
in solid-state materials. A novel collective mode known
as the Leggett mode is predicted to exist in such situa-
tion, which describes the relative phase fluctuation be-
tween two order parameters [66, 67]. Realizing such a
multi-order-parameter Fermi superfluid provides a plat-
form to observe this long-sought collective mode. Re-
cently, the Florence experimental group has directly ob-
served and coherently manipulate the orbital Feshbach
molecule, which is the first and important step towards
the multi-order-parameter Fermi superfluid [74].
2. An important application of OFR is to real-
ize topological superfluid. Topological superfluid can
be realized by introducing spin-orbit coupling into Fermi
superfluid [75]. Since currently, the lowest temperature
that can be reached in degenerate fermionic atom gas is
about 0.1 times of the Fermi temperature, one has to
rely on the FR to reach Fermi superfluid. On the other
hand, in cold atomic gas spin-orbit coupling can be sim-
ulated by coupling two internal spin states with a laser
and the coupling is accompanied by momentum trans-
fer. Therefore, to realize topological superfluid in cold
atomic gases, a system needs to be equipped with both
spin-orbit coupling and FR simultaneously.
In alkaline-metal atoms, there are many well-behaved
FRs. The spin-orbit coupling can also be simulated by
coupling two hyperfine spin states with a Raman beam.
However, such a Raman transition leads to heating due
to the spontaneous emission of the intermediate state.
This heating so far prevents reaching Fermi superfluid in
the presence of spin-orbit coupling. In lanthanide atoms,
the spin-orbit coupling can also be realized by Raman
coupling and heating can be suppressed, as shown in
164Dy atoms [76]. However, the FRs observed in lan-
thanide so far are all too narrow to realize Fermi super-
fluid. Moreover, lanthanide atoms usually have a large
spin and therefore the dipolar loss is also an obstacle [77].
In AE atoms, there are two ways to realize spin-orbit
coupling, either by coupling two nuclear spin state in
1S0 manifold via Raman coupling [78–81] or by directly
coupling 1S0 and
3P0 states by a laser [20, 21]. Here we
focus on the later because in this setting, there is no inter-
mediate state involved and heating due to spontaneous
emission can be avoided, which has been shown in both
88Sr and 173Yb atoms [20, 21]. Nevertheless, if there is
no FR between these two states, topological superfluid is
still not possible. Thus, discovering OFR in 173Yb fills
the gap and is therefore very crucial. In view of these
discussions, 173Yb can be the best candidate for realizing
topological superfluid in ultracold atomic gases.
3. AE atomic gas, in particular, cold 173Yb
atom gas, provides a unique platform for study-
ing impurity physics. Impurity physics is an im-
portant subject in quantum many-body physics. For
spin-independent interaction, a moving impurity can be
dressed up the background particle and forms a quasi-
particle called “polaron” [82, 83]. In the Fermi liquid
phase nearby FR, polaron is an important elementary
excitation related to issues like the stability of ferromag-
netism and the phase diagram of imbalanced Fermi gas
[82–84]. For spin-exchanging interaction, as already dis-
cussed in Sec. IV, a static impurity in a Fermi sea can
lead to the famous Kondo effect[54]. In previous stud-
ies in condensed matter materials and ultracold alkaline-
metal atomic gases, both two types of impurity physics
have been studied separately. It is interesting to note
that both two types of impurity physics can exist in the
system of two orbital mixture of cold 173Yb gases [42, 85–
88]. By tuning the magnetic field strength from zero to
finite, and by tuning the confinement potential, the in-
teraction can be tuned from the spin-exchanging interac-
tion dominated regime to the spin-independent interac-
tion dominated regime; and by tuning the external lat-
tice potential, one can tune the impurity from localized
to mobile. Thus, one may have a chance to establish a
coherent picture for the crossover from polaron physics
to Kondo physics.
4. Realizing Kondo effect with cold atomic gas
can enrich our understanding of Kondo physics it-
self. There is an increasing interests of simulating Kondo
physics with ultracold atoms [89–103]. First of all, for
the Kondo effect observed in condensed matter materi-
als, the spin-exchanging coupling is usually much weaker
than the Fermi energy and therefore the Kondo temper-
ature is also much lower than the Fermi temperature.
Since in ultracold atomic gas, we cannot reach a tem-
perature much lower than the Fermi energy, we have to
increase the spin-exchanging interaction to enhance the
Kondo temperature to an attainable regime. This brings
the Kondo physics to a strong coupling regime where
the Kondo coupling can be comparable to the Fermi en-
ergy. This is somewhat reminiscent of Fermi superfluid
at unitarity where pairing energy is comparable to the
Fermi energy. Secondly, as we mentioned in the begin-
ning, the fermionic AE atoms usually have a large nu-
clear spin and the interaction displays SU(N) symme-
try. This can naturally realize the SU(N) Kondo model
6that cannot be easily realized in solid-state materials be-
fore. Thirdly, because in ultracold atom system we can
control the atom number precisely from a few to many,
and previous experiments have studied how the pairing
correlation is established from few-body to many-body
system by adding one particle at a time [104], and with
similar scheme one can also study how the Kondo screen-
ing is built up from few-to-many perspective. Finally,
it is well known that ultracold atom systems are good
for study non-equilibrium dynamics such as quench dy-
namics because the parameters can be changed in a time
scale much faster than many-body equilibrium time. One
can take this advantage to study non-equilibrium dynam-
ics related to the Kondo physics [101, 102], for instance,
by suddenly quench the spin-exchanging interaction from
ferromagnetic to the anti-ferromagnetic regime, one can
study the dynamical formation of the Kondo screening.
VI. CONCLUSION.
We summarize this perspective as Table I. We review
recent developments of controlling both spin-independent
and spin-exchanging interaction in ultracold AE atoms.
We highlight that these tools of controlling interac-
tions, combined with the two-orbital physics and SU(N)
physics of AE atoms given by their natural atomic struc-
ture, can open up new front of quantum simulation with
ultracold atoms, including but not limited to, study-
ing novel type of strongly interacting Fermi gas, real-
izing topological superfluid and investigating far-from-
equilibrium and SU(N) aspects of the Kondo physics.
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Interaction Types Definition Control Tool
Magnetice Field
Regime
Applications
Spin-Independent
Interaction
Diagonal Term in
Eq.(7)
Orbital Feshbach
Resonance(OFR)
Finite Field
Strongly Interacting Fermi Gases;
Topological Superfluid, . . .
Spin-Exchanging
Interaction
Off-Diagonal Term
in Eq.(7)
Confinement-induced
Resonance(CIR)
Zero Field
SU(N) and Non-Equilibrium
Kondo Physics, . . .
TABLE I: Summary of controlling two types of interaction in AE atoms between two orbitals.
7Box1: Feshbach Resonance
Feshbach resonance (FR) refers to a type of scattering resonance between two atoms. Generally speaking, there
are three ingredients in order to realize a FR.
1. There have to be at least two interaction channels defined by different eigenstates when two atoms are far
separated from each other.
2. The energy difference between these two channels can be tuned by an external control parameter.
3. At a short distance, these two channels are coupled.
Usually, when two atoms are far separated, they both stay at their single-particle eigenstate. The channel
with lower threshold energy is called the open channel, and the one with higher threshold energy is called the
closed channel. When the relative energy between the open and the closed channel is tuned to match a bound
state energy in the closed channel, this bound state appears at the threshold of the open channel, which leads
to a scattering resonance due to their coupling at a short distance. The interaction between two atoms can,
therefore, be tuned by controlling the relative energy between these two channels, and the interaction becomes
the strongest at the resonance.
For the magnetic FR of alkaline-metal atoms, the three conditions are satisfied as follows: (i) When two atoms
are far separated, each atom stays in the eigenstate of internal degrees of freedoms, determined by the hyperfine
coupling and the Zeeman energy. (ii) The energy difference between these two channels can be tuned by the
Zeeman energy controlled by the external magnetic field. (iii) At short-distance, the interaction potential is
largely determined by the total electronic spin of two atoms, which does not commute with quantum number
of single-particle eigenstate, and therefore two channels are mixed.
The confinement-induced-resonance (CIR) can also be understood in term of the same mechanism as FR [38,
105]. For instance, considering two atoms in a one-dimensional tube, the three conditions can also be satisfied
as follows: (i) When two atoms are far separated along the longitudinal direction, atoms can be in different
eigenmodes in the transverse direction. (ii) The energy difference between these two channels can be controlled
by the strength of the transverse confinement. (iii) At short-distance, the interaction potential can scatter atoms
from one transverse mode to another one, and therefore couples two channels. That is to say, the transverse
confinement plays the role as the internal degree of freedoms in the magnetic FR. Since the energy separation
between two transverse modes is 2~2/(ma2⊥), where a⊥ is the transverse harmonic length, and the bound state
energy can be estimated as ~2/(ma2s ), where as is the s-wave scattering length, CIR occurs when these two
energies match each other that gives as = a⊥/
√
2. A rigorous calculation taking into account contributions
from all high transverse modes gives precise results that CIR occurs at as = a⊥/C, with C = 1.4603 · · · .
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FIG. 2: Theoretical proposal and experimental demonstration of orbital Feshbach resonance(OFR) in 173Yb atoms. (a): The
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pseudo-potential and the multi-channel quantum defect theory demonstrate that OFR appears around 40G of magnetic filed
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FIG. 3: Theoretical proposal and experimental demonstration of controlling spin-exchanging interaction. (a): Illustration
of experimental set up for realization of the confinement-induced resonance(CIR) in alkaline-earth atoms to tune the spin-
exchanging interaction. The 1S0 state (blue ball) and
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Experimental measurement of spin-exchanging scattering amplitude as function of the transverse and the longitudinal lattice
depths. The scattering amplitude is determined by measuring the population of |e, ↑〉 state. The observed two resonances are
originated from the CIRs. (c): Theoretical results of the spin-exchanging scattering amplitude of the same system and the
same parameter regime as the experiments. This result quantitatively agree with the experimental observation. Figure (b) and
(c) are reprinted from Ref.[45] and [56], respectively.
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